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ABSTRACT: Studies of transcription factors have provided important contributions toward understanding the cell
morphology and developmental regulation of fruit flies based on sequence analysis of amino acid substitutions. In this
report we describe the construction of four protein-DNA models based on two experimentally determined X-ray
crystal structures (2DRP and 1A1H) using computational simulations of Z1, Z2, Z3, and Z4 zinc-finger DNA binding
proteins. Once these models were constructed, 3 mutants were generated for the Z1/Z3 proteins. We evaluated the
construction of the models and mutants against the templates using molecular mechanics (MM3) calculations in an
attempt to determine the effect of the mutation at the molecular level. Our findings demonstrate that the Z1 mutant
is greatly affected by the substitution of an arginine for a cysteine at position 57, and may lose function by binding
DNA too tightly. However, the interaction energy of the Z3 mutants varies, with leucine substitution at position 55,
not being critical for DNA binding, but a change at position 58 leucine to methionine having a moderate effect. These
results also show that other factors including protein stability, degradation, and/or protein-protein interactions may be
involved in the eventual morphological changes. The Z2/Z4 models were used as internal standards for our modeling
analysis and demonstrated that the level of homology does not correlate with interaction energy values. These studies
demonstrate the utility of structure-based analysis involving three-dimensional protein model building and molecular
mechanics to evaluate amino acid substitutions that lead to changes in cellular processes. Additionally, this type of
analysis allows the classification of amino acid substitutions into two groups: those that involve the loss of interaction
energy and those that may have a loss of function due to other factors.
Republication not permitted without written consent of the author.
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INTRODUCTION
It is known that prokaryotic and eukaryotic cells
contain genetic material in the form of double
stranded deoxyribonucleic acid (DNA). Use of this
DNA is controlled by transcription events that control
the production of RNA molecules that are eventually
translated into proteins with specific functions.
These transcription events are often used to control
developmental stages of the cell through the production
of specific signaling proteins. Transcription factors
are used to control the production of specific RNA
molecules through their sequence specific association
with DNA.

One class of transcription factors is known as zincfinger DNA binding proteins. This type of protein
contains a characteristic three-dimensional (3D)
structural motif, composed of 2 cysteine and 2
histidine residues bound to a zinc ion. These proteins
have been well characterized by Peter Wright and
coworkers at The Scripps Research Institute using
NMR spectroscopy to analyze a synthetic form of the
Xenopus protein called Xfin (Lee, Gippert, Soman,
Case, & Wright, 1989). These studies provided
important information about the 3D structure of
the proteins as well as the dynamic properties of the
DNA interaction with zinc-finger proteins. These
studies confirmed that the zinc atom is an essential
component of the protein structure since, in the
absence of zinc, the protein did not fold properly in
aqueous solution (Lee et al., 1989). The protein fold
can be described as having a hairpin structure in the
https://stars.library.ucf.edu/urj/vol2/iss1/1

first 10 amino acids. This hairpin helix contains two
conserved histidine residues, and two cysteine residues
in the b-strand making up a 2H, 2C zinc-finger
binding motif (Lee et al., 1989) (a structural example
is shown in Figure 1). Another important feature of
zinc-finger proteins is that the zinc atoms are found
in the interior of the protein. Although the zinc ions
do not interact with the DNA, they are essential for
the stability of the protein and assist in maintaining
the hairpin fold. This structural stability enables the
appropriate amino acids to interact with the DNA
and provides the basis for sequence specific DNA
interaction as well as thermodynamic stability for the
DNA-protein complex. A recent study with fruit
flies has provided new sequences of zinc-finger DNA
proteins that appear to have amino acid substitutions
(hereafter referred to as mutants) that influence the
morphology of fruit flies. This study conducted in the
Department of Biology at the University of Central
Florida, led by L. von Kalm, has investigated 4 new
sequences of zinc-finger proteins at the genetic level,
known as Z1, Z2, Z3, and Z4. Each of these proteins
has a zinc-finger DNA motif.
The Z1, Z2, Z3, and Z4 proteins are part of the Broad
or Broad-Complex (BR-C) locus of the fruit fly (Bayer,
Zhou, Zhou, Riddiford, & von Kalm, 2003). The Z1
protein is genetically linked to the rbp (reduced bristles
on palp) function, Z2 to the br (broad) function, and
Z3 to the 2Bc function. The complete contribution of
the Z4 protein to the morphology of the fruit fly has
not been determined. The BR-C locus encompasses
a complex of zinc-finger proteins that are associated
with the function of rbp, the br, the 2Bc, and a nonpupariating (np) that does not complement any of the
genetic functions (Bayer, von Kalm & Fristrom, 1997;
Bayer et al., 2003). Studies have demonstrated that
the hormone ecdysone regulates BR-C (von Kalm,
Crossgrove, von Seggern, Guild, & Beckendorf, 1994;
Hodgetts, Clark, O'Keefe, Schouls, Crossgrove, Guild
& von Kalm, 1995). This study showed that the Z2
protein has br genetic function and regulates expression
of DOPA decarboxylase in the epidermis. In the same
manner, the Z1 protein has the rbp genetic function
that also regulates the Sgs-4 gene. The Sgs-4 gene
is associated with the rbp and 2Bc genetic functions.
The activation of the Sgs-4 gene is based upon the
accumulation of the BR-C complex in tissues of fruit
flies and is directly involved in gene expression of
transcription factors (Bayer et al., 1997).
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Bayer et al investigated the genetic function of the
Z1-Z4 proteins as complements for certain mutations
in the BR-C complex. The study demonstrated that
the Z1 protein had rbp function and Z4 had partial
rbp function. Moreover, the Z3 protein had a full
2Bc genetic function but Z2 had only partial function.
This study also emphasizes that the genetic functions
of these proteins are not specific, but can actually have
more than one function within the complex (Bayer
et al., 1997). Mutations in these zinc-finger proteins
established the genetic relationship of the BR-C
complex to the overall morphology of the fruit fly.

The amino acid sequences (Z1-Z4) were determined
through DNA sequencing, using genetic material from
the fruit flies and aligned to compare their sequence to
other organisms. Two crystal structures were available
that had high sequence homology to the sequences of the
Z1-Z4 proteins. The first structure is named Tramtrack
two zinc-finger DNA protein (also from the fruit fly),
which is similar in sequence to the Z1 and Z3 sequences.
The crystal structure of this protein (Figure 1), which was
solved as a dimer at 2.8 Å resolution (Fairall, Schwabe,
Chapman, Finch, & Rhodes, 1993), demonstrates that
the protein binds to the major groove of DNA where
the zinc atoms are within the hydrophobic region of the
helices. The second crystal structure is known as Zif268
zinc-finger DNA complex and was solved at 1.6 Å (ElrodErickson, Benson & Pabo, 1998) as seen in Figure 2, This
protein is most similar in sequence to Z2 and Z4. This
type of zinc-finger protein has a slightly different motif
and 3 zinc atoms bound within three helices. The helices
still recognize the major groove of DNA as observed
with the Z1 and Z3, but the protein has an overall fold
that is slightly different. Although the function of these
zinc-finger proteins is well characterized, the effect of
the amino acid changes relative to the structural stability
and DNA interaction energy has not been investigated.
The research in this report entails the collaboration
between the Selby and von Kalm labs to use
computational analysis to construct homology models
of Z1, Z2, Z3, and Z4 zinc-finger proteins. These
homology models are constructed using the known
crystal structures and the amino acid sequences of the
mutant zinc-finger proteins. The computational analysis
is based on molecular mechanics (MM3) calculations
to determine the relative interaction energies between
the experimentally determined crystal structure, the
homology model (without mutations), and the mutants
that have the specific amino acid changes.
Molecular mechanics is a theoretical approach used
to measure the different vibrational, rotational, and
transitional energies around specific chemical bonds.
Molecular mechanics initially disregards the electronic
distribution around atoms and determines the energy
with respect to the arrangement of atoms in space (Leach,
1996). Therefore, molecular mechanics is mainly based
on the stretching, bending, and rotational movement of
atoms (Leach, 1996; NIH, 2002). Other interactions
involved in molecular mechanics are Van der Waals,
electrostatic, and steric repulsions for atoms that are 2 or
more bonds apart (NIH, 2002). These values are
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determined following the final energy minimization of
all atoms. The purpose of this research is to study the
structures of the Z1, Z2, Z3, and Z4 proteins based on
molecular mechanics analysis to determine energetic
differences between wild type and mutants. This study
provides information about the role of each amino acid
change with respect to the DNA interaction energy and
helps explain how the changes in the morphology of the
fruit fly are altered at the molecular level.
METHODOLOGY
The von Kalm laboratory at the Department of
Biology at the University of Central Florida provided
4 amino acid sequences from fruit flies to initiate the
computational studies of the zinc-finger DNA proteins:
Z1, Z2, Z3, and Z4. The sequences were aligned against
the NCBI database (National Center for Biotechnology
Information) supported by National Institute of Health
(NIH). A search for homologous proteins within the
protein structure database (PDB) showed that two
crystal structures of zinc-finger DNA proteins were
available for modeling studies (Berman, Westbrook, Feng,
Gilliland, Bhat, Weissing, Shindyalov, & Bourne, 2000).
These crystal structures have the PDB codes 2DRP and
1A1H. The first crystal structure is known as Tramtrack
Protein with DNA from the fruit fly and corresponds to
the 2DRP PDB code (Fairall et al., 1993). The second
crystal structure is called Zif268 Variant Finger-DNA
Complex from Mus musculus (Elrod-Erickson et al.,
1998) and corresponds to the 1A1H PDB code. The next
step was to use the experimentally determined crystal
structures, 2DRP and 1A1H, as templates to model the
3D structures of the Z1-Z4 sequences. The modeling
was completed using the Swiss PDB-Viewer v3.7
software (Guex and Peitsch, 1997). Once these models
were obtained, the energy minimization calculations
between the DNA substrate and protein backbone
were tabulated using the molecular mechanics (MM3)
force field parameters within the BioMedCACHE
software (Group, 2002). The polypeptide backbone of
each protein was fixed, allowing only the side chains
to adjust to the environment. This interaction was
rationalized by the fact that proteins with a high degree
of homology typically have a similar overall fold, but side
chain interactions can vary. The side chain interactions
also allowed simplification of the energy minimization
calculations. Next, the modeled structures were visually
compared against the templates using ViewerPro 4.0
(Molecular Simulations, 2000) to observe any differences
in side chain locations. All sequences were treated in the
same manner. Within the modeled structures, mutations
https://stars.library.ucf.edu/urj/vol2/iss1/1

were performed using the Swiss PDB-Viewer to assess
the interaction energy differences between the mutant
and wild type zinc-finger proteins. Once again, the
energy minimization calculations were tabulated using
BioMedCACHE and the differences between energies
were compared. Once the mutant proteins were created,
they were docked against the DNA substrate to evaluate
any energy differences.
The energy calculations are based primarily on equation
1, which shows the total energy of a molecule based on
the summation of the stretching, bending, torsional, and
non-bonded interactions. Equations 2-5 below describe
various components of the total energy;

The Estretch is based on Hooke’s law (equation 2), where
kb is the parameter that shows how stiff a bond can be
and ro is the equilibrium length (NIH, 2002). Each of
these parameters are established for specific atom types;
for example, C-C, C=O, or N-H bonds. The Ebend
is represented in equation 3, where kq is the parameter that
predicts the angle of stiffness and qo is the equilibrium
angle (NIH, 2002). The larger the value of k for either
the Estretch or Ebend , the greater the energy required
to dissociate the molecule. The Etorsion
is shown in equation 4, where A represents the amplitude
of the wave, t is the rotational angle axis, f is the shift
of the wave, and n determines the period of the wave
(NIH, 2002). It is used primarily as a correction value to
bring the ET to a minimum optimum value. The Enonbonded is the sum of all the interactions between atoms
and is represented in equation 5. The first term is the van
der Waals interactions, where A represents the proximity
between atoms and B represents the maximum distance
between atoms. The second term is the electrostatic
term associated with coulombic forces. The energies are
calculated using force fields, which is the mathematical
interpretation of the data for the many types of atoms
(NIH, 2002). The calculation requires that the atom
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type be specified (Leach, 1996), which allows the force
field parameters to distinguish atoms with respect to
hybridization and geometry. For instance, the sp3
hybridized carbon, which has a tetrahedral geometry,
can be differentiated from the sp hybridized carbon,
which has a linear geometry (Leach, 1996).
The usefulness of these energy calculations is found
in comparing the difference between energies of the
macromolecules to understand the interaction energy
(IE) for a specific complex as shown in equation 6.

In this equation ECOMPLEX represents the total
energy (found through equation 1) for the DNAzinc-finger complex. EPROTEIN represents the
total energy of the zinc-finger protein alone and
EDNA represents the energy of the DNA alone. By
subtracting the sum of the two energies from the total
energy of the complex, the relative energy of interaction
can be determined. The term “relative” is used to
describe the energy components in this case, due to
fact that solvation effects and other types of entropy
factors are not used explicitly in the calculations.
When comparing different proteins, such as template
vs. homology model or homology model vs. mutant,
the interaction difference is described as ΔIE.
RESULTS
Sequence comparison of Z1/Z3 and
proteins with their respective templates.

Z2/Z4

Analysis of the energetic differences between the
mutant proteins and the homology model required the
construction of the model based on a crystal structure
with the highest sequence homology. A similar
approach was taken to analyze different mutants (if
more than one was known), but in this case only a
single acid needed to be changed. This approach
simplified the calculations, and provided a measure of
the energy change due to a single amino acid change.
The homology alignment differed between structures
in the binding region for zinc atoms, which became
the focus of this investigation. The Z1 model sequence
was aligned with the 2DRP template (after searching
the protein databank for crystal structures with the
highest homology) as shown in Figure 3. Statistics
Published by STARS, 2006

for the Z1 alignment to 2DRP are: Length: 58, Score:
32.7278 bits (73), E-value: 0.035563, Identities: 14/58
(24%), Positives: 26/58 (45%), and Gaps: 0/58 (0%).
It is evident that the cysteine and histidine residues
(shown in pink) are conserved in all three proteins (two
mutants and the 2DRP template). Arginine (shown in
green in Figure 3A) is the naturally occurring amino
acid at position 57 in the model that is substituted for
cysteine (shown in red in Figure 3A) in the mutated
protein at the same position.
For the Z3 structure, 2 mutants were constructed
based on sequences provided by the von Kalm lab. Z3
statistics are as follows: Length: 52, Score: 40.4318
bits (93), E-value: 1.70555E-4, Identities: 14/52
(27%), Positives: 28/52 (54%), and Gaps: 0/52 (0%).
The first mutation involves substitution of serine 55
(shown in green in Figure 3B) with leucine (shown in
red in Figure 3B). The second mutation is a change
from threonine 58 (shown in green in Figure 3B) to
methionine (shown in red in Figure 3B).
Figure 4 shows the alignment of the 1A1H sequence
with the Z2 and Z4 proteins. There are no mutants
reported for the Z2 and Z4 proteins, which have
identical sequences in the zinc-finger DNA binding
region. Z2/Z4 statistics were as follows: Length: 54,
Score: 30.0314 bits (66), E-value: 0.231784, Identities:
14/54 (26%), Positives: 25/54 (46%), and Gaps: 3/54
(6%). The Z2 and Z4 proteins are not homologous
outside the DNA binding region, which allows them
to function differently.
However, we did want to investigate the interaction
energy differences between the template and the Z2/
Z4 proteins based on a tyrosine amino acid that is in a
position where a conserved histidine normally resides.
Although this interaction is not a mutation (and is
known to occur in these types of proteins across a
number of species), the energetic differences are of
interest because they change the typical zinc binding
residues from a 2H/2C system to a 2H/1C/1Y system.
Additionally, constructing two independent models
from a single sequence allowed a statistical measure
of the error in our methods. For this reason, the Z2
and Z4 sequences, although identical in amino acid
content, will be discussed as two different proteins.
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Interaction energy analysis of the 2DRP template,
Z1, and Z3 mutant proteins.
The energy minimization calculations are based on
the difference in energy between the homology model
and the mutant with the appropriate amino acid
substitution. However, before analyzing these values,
interaction energy calculations were performed on the
template and model before analysis of the mutants.

As shown in Table 1, the interaction energy for the
2DRP structure with the DNA is -2963 kJ/mol. The
electrostatic energy is very high due to the negative
charges on the DNA backbone, as well as the positive
charges on the amino acids in the protein. The
hydrogen bonding energy is relatively low, at -71 kJ/
mol, which reflects the lower number of hydrogen
bond interactions made with the DNA, relative to
charge-charge interactions.
Following construction and energy analysis of the Z1
model, the interaction energy was found to be -2761
kJ/mol. This measurement is in good agreement with
the crystal structure, but shows a loss of ~200 kJ/mol
of energy relative to the template. This difference in
energy is most likely based on the method of model
building that was used, but a 7% energy difference
between the model and template indicates that the
model is very reliable. It is interesting to note that the
hydrogen bonding for the Z1 model shows an increase
in stabilization (-286 kJ/mol) relative to the template
structure, while the van der Waals and electrostatic
energies are roughly the same.

template, with an energy difference of roughly 30%.
This value of -2036 kJ/mol is a bit more unstable
than the Z1 model and does not show an increase in
hydrogen bonding stability. The electrostatic, van der
Waals, and hydrogen bonding are similar to the 2DRP
template structure, although the slight differences of
each of these appear to contribute to the overall drop
in stabilization energy relative to the Z1 and 2DRP
structures.
Analysis of the mutations showed that the most
significant energy difference is found between the
Z1 model and the Z1 mutant where arginine 57 is
replaced by a cysteine as shown in Table 1. The
interaction energy in this case is found to be -5363
kJ/mol. This high energy value represents an increase
of over 90% in stabilization energy relative to the
Z1 model, and shows the critical importance of this
amino acid position within the zinc-finger protein.
The hydrogen bonding and van der Waals interaction
energies appear to contribute the most to the change,
relative to the model, with the electrostatic interaction
values remaining relatively the same. The point of
contact with the DNA is shown in Figure 5, the
model is shown in panel A, and the mutant is shown in
panel B. The arginine (shown in blue) is an extended
residue that can interact well with the DNA through
both hydrogen bonding and electrostatic forces (due
to the positive charge on the side chain), whereas
cysteine (shown in red) is a shorter residue that can
only interact with DNA through polar and hydrogen
bonding interactions. It is also important to point
out that the change from a bulky arginine side chain
to a smaller one, such as cysteine, allows other amino
acids to reposition themselves as well. Serine 161
is moved into a position closer to the DNA (which
helps account for the increase in hydrogen bonding
energy) due to the removal of the arginine side chain,
which was blocking the interaction in the wild type
structure. This demonstrates that a single change at
one amino acid position can produce effects outside
of that region and result in unanticipated increases in
interaction energy.

The Z3 model was constructed and analyzed in an
identical manner to the Z1 model. Interaction energy
analysis shows that the binding is similar to the
https://stars.library.ucf.edu/urj/vol2/iss1/1
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Structure

Interaction Energy

E-Complex

E-DNA

E-Protein

2DRP Crystal
Structure

-2,963.2

965.3

3,185.1

743.3

Electrostatic

12,468.3

-2,180.8

-14,994.0

344.9

VDW

-224.9

454.0

348.0

331.0

Hydrogen Bonding

-71.5

-757.1

-34.6

-651.0

Z1 Model
(based on 2DRP)

-2,761.8

3,139.9

3,815.1

2,086.6

Electrostatic

12,607.8

-1,038.1

-14,668.9

1,023.0

VDW

-261.1

444.8

314.1

391.8

Hydrogen Bonding

-268.0

-199.0

170.8

-101.7

Z3 Model
(based on 2DRP)

-2,038.6

-598.7

512.6

927.4

Electrostatic

12,037.1

-2,461.3

-14,563.0

64.6

VDW

-246.6

405.2

257.4

394.4

Hydrogen Bonding

-61.8

-423.1

-33.6

-327.7

(Continued on next page)

Published by STARS, 2006

www.URJ.ucf.edu

7

7

The Pegasus Review: UCF Undergraduate Research Journal (URJ), Vol. 2 [2006], Iss. 1, Art. 1
THE UNIVERSITY OF CENTRAL FLORIDA

Vol. 2: 1-14

UNDERGRADUATE RESEARCH JOURNAL

Z1:R57C

-5,363.6

-11.4

3,806.0

1,546.1

Electrostatic

12,139.8

-1,865.1

-14,678.8

674.0

VDW

-296.3

392.7

314.5

374.5

Hydrogen Bonding

-318.1

-386.9

170.9

-239.6

Z3:S55L

-2,047.9

-610.2

512.9

924.8

Electrostatic

12,037.0

-2,472.2

-14,563.0

53.8

VDW

-255.4

396.4

257.9

393.9

Hydrogen Bonding

-56.2

-411.7

-33.8

-321.6

Z3:T58M

-2,592.2

-617.6

512.9

1,461.8

Electrostatic

11,892.8

-2,482.2

-14,563.0

188.0

VDW

-254.4

403.5

257.9

400.0

Hydrogen Bonding

-137.3

-420.8

-33.8

-249.7

Table 1. Interaction energy values for the template (2DRP), Z1
model, Z3 model, and their respective mutations. Comparison of the
electrostatic, Van der Waals (VDW ), and hydrogen bonding energies
for the template, Z1 model, Z3 model, and their respective mutants.
Each structure provides interaction energies (kJ/mol), and a difference
between the interaction energy and the complex, the DNA as a
substrate by itself, and the protein as the binding identity by itself.

https://stars.library.ucf.edu/urj/vol2/iss1/1
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The first Z3 mutation involves the replacement of
serine 55 with a leucine. This change results in very
little energy differences relative to the Z3 structure.
The overall interaction energy is -2047 kJ/mol, which
is less than 1% different than the Z3 model interaction
energy of -2038 kJ/mol (Table 1). When the wild
type and the mutant are analyzed side-by-side as
seen in Figure 6, it is clear that the leucine residue
does not contribute significantly to the binding of the
DNA strand. This position is outside of the DNA
interacting region, and the amino acid at this position
does not appear to be critical for DNA binding
and/or recognition. Additionally, the electrostatic,
van der Waals, and hydrogen bonding energies are
almost identical, demonstrating that the effect of this
mutation in vivo is not due to DNA binding, but may
be associated with other factors as discussed further in
the Conclusions section.

The second mutation of Z3, involving the substitution
of threonine 58 to methionine, had an overall stabilizing
effect, but the overall interaction energy increase was not
as significant as observed in the Z1 mutation. This change
increased the stabilization of the DNA interaction by
553 kJ/mol, as shown in Table 1. The electrostatic energy
changed slightly as well, but the van der Waals energy
was roughly the same. This change of 27% relative to
the Z3 model cannot be justified by the type of side
chain substitution that was made. Both the threonine
and methionine side chains are capable of hydrogen
bonding interactions (although the methionine sulfhyryl
group is a weaker hydrogen bond donor compared
to the more polar threonine hydroxyl group), and are
roughly the same size, reducing the likelihood that
the changes are due to neighboring side chains being
repositioned (as observed for the Z1:R57C mutation).
The structures are shown in Figure 7. However, there
is a clear increase in the hydrogen bonding stabilization
relative to the model. The possible difference in this case
could be due to the relative hydrogen bonding energy
of the proteins alone (without DNA bound). Note that
in the case of the Z3 protein (E-Protein, Table 1), the
hydrogen bonding energy for the Z3 model is -327.7 kJ/
mol compared to the Z3:T58M value of -249.7 kJ/mol.
This measurement demonstrates that the Z3 wild type
has better hydrogen bonding with itself when it is in the
unbound state, and these hydrogen bonds are lost upon
DNA binding. The hydrogen bonding of the T58M
mutant does not show the same level of energy difference
(-249.7 kJ/mol), indicating that it does not use hydrogen
bonding as effectively in the unbound state. These types
of differences demonstrate the balance between the free
and bound forms, and indicate that some values may be
slightly inflated due to more stability in the free form
as compared to the bound form. This approach also
demonstrates how both structural and computational
information should be used to determine the significance
of the energy values.
Z2/Z4 analysis
As shown in Table 2, the interaction energy for the
experimentally determined crystal structure was found to
be -941 kJ/mol. This is significantly lower than the 2DRP
structure, but it is important to point out that zinc-finger
proteins with little homology will often have different
interaction energies. This structure was determined by
x-ray crystallography, so these energy values are much
more reliable than those obtained through homology
modeling.

Published by STARS, 2006
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As mentioned previously, the Z2 and Z4 protein
sequences are identical, but to validate our method
we constructed two independent models. These
models utilized the same analytical method, but used
different starting positions for all the atoms that were
minimized. Both the Z2 and Z4 energy levels were in
excellent agreement with one another. Although there
were slight variations in the level of the particular
types (electrostatic, van der Waals, and hydrogen
bonding) of energies, the overall interaction energies
were almost identical.

This study demonstrates that the Z2/Z4 protein
would be an excellent target for experimental structure
determination using x-ray crystallography or NMR,
but should not be used for energy analysis. At the
minimum, a more suitable template would be needed
to accurately determine the effects of any amino acid
substitution on a protein.

1A1H is only 46% homologous to the Z2 and Z4
proteins (described as “positives” in the previous
section). This value is similar to the homology between
Z1 and Z3, which had 45% and 54% homology with
2DRP, respectively. What came as a surprise was
the interaction energy difference of the Z2 and Z4
models with the 1A1H crystal structure. Recall that
the differences in interaction energy for Z1 and Z3
compared to the 2DRP structure were 7% and 30%,
respectively. These differences indicated that there
was good agreement between the model and the
template being used. In the case of Z2/Z4, an energy
difference of nearly 50% indicates that the template
may not be suitable for modeling this sequence. For
the Z1 protein, the homology was 45%, and the energy
difference (compared to the 2DRP template) was only
7%. For Z3, the homology was 54%, and the difference
in energy was roughly 30%, a correspondence which
demonstrates that there is no correlation between
differences in energy and homology. This lack of
correlation is corroborated with the Z2/Z4 sequence,
which is 46% homologous, but shows a loss of nearly
50% of its interaction energy when compared to the
model. Based on these values, it is difficult to state
clearly the effect of having a tyrosine occupy a position
where a histidine is typically located. It is clear from
the structural analysis (Figure 8) that the tyrosine side
chain will have a different type of interaction compared
to the imidazole group of histidine; however, without a
more reliable template to model the sequence against,
any further analysis would certainly contain significant
errors.

https://stars.library.ucf.edu/urj/vol2/iss1/1
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Structure

Interaction Energy

E-Complex

E-DNA

E-Protein

1A1H Crystal
Structure

-941.2

-1,325.9

445.8

-830.6

Electrostatic

6,972.7

-2,680.2

-8,772.4

-880.5

VDW

-190.9

543.0

258.2

475.7

Hydrogen Bonding

207.2

-1,792.9

-519.1

-1,481.0

Z2 Model
(based on 1A1H)

-428.2

3,593.2

1,985.0

2,036.4

Electrostatic

6,590.6

-838.7

-7,866.9

437.6

VDW

-114.2

648.5

300.6

462.0

Hydrogen Bonding

-56.0

-341.4

31.9

-317.3

Z4 Model
(based on 1A1H)

-428.7

3,593.2

1,892.0

2,129.9

Electrostatic

6,656.4

-838.7

-8,014.9

519.8

VDW

-77.6

648.5

243.4

482.7

Hydrogen Bonding

-91.4

-341.4

37.7

-287.6

Table 2. Interaction energy values for the template (1AH1), Z2
model, and Z4 model. Comparison of the electrostatic, Van der Waals
(VDW ), and hydrogen bonding energies for the template, Z2 and Z4
models. Each structure provides interaction energies (kJ/mol), and a
difference between the interaction energy and the complex, the DNA as
a substrate by itself, and the protein as the binding identity by itself.
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CONCLUSIONS
With regard to the computational analysis, these results
demonstrate significant interaction energy differences
for most of the proteins. For the Z1 and Z3 proteins,
both the Z1:R57C and Z3:T58M showed increases in
the interaction energy (more stability) relative to the
wild type models. In the case of Z3:S55L there was
very little difference, which can be rationalized by a
structural analysis that shows amino acid position 55
is outside the DNA binding region. In the case of Z2/
Z4, the model appeared to be somewhat unreliable due
to a decrease in binding energy of nearly 50% relative
to the template interaction energy. In this case a more
suitable template structure is needed to better analyze
this sequence.
Modeling sequences are certainly not the best
means of analyzing mutations in proteins. Ideally,
an experimentally determined structure would be
available for every protein sequence known, but this is
obviously not possible due to experimental constraints.
Homology modeling is therefore the best available
tool to help analyze differences in proteins. However,
the question of reliability and biological relevance
always follows any type of homology analysis. Our
study answers these questions, but in a slightly indirect
manner.
In the case of the Z1 wild type and mutant, the
greatest energy difference in the binding capacity of
the protein to the substrate is caused by a substitution
of a longer carbon chain to a shorter one. However,
our data suggest that this change is not due directly
to the amino acid change alone, but due to changes
in surrounding amino acids that are also repositioned.
Our findings correlate to the fruit fly genetic function;
the Z1 mutant lacks the rbp function and deters the
ability to reduce the bristles on the palp of the fruit fly.
An interesting point to make is that the interaction
energy increases (providing a more stable structure
with DNA), and still causes loss of rbp function. This
interaction may initially appear counter intuitive, but
consider the following: the Z1:R57C mutation causes
the interaction energy to nearly double. At the same
time, the Z1 model shows only a 7% change relative to
the template, demonstrating that the Z1 model is very
reliable. These two facts show that tighter binding
may be the cause of loss of function.
Transcription factor binding is not meant to be
permanent. Once the transcriptional machinery is
https://stars.library.ucf.edu/urj/vol2/iss1/1

assembled, the proteins involved in RNA synthesis must
move along the DNA template to allow transcription
events to occur efficiently. Thus if a transcription factor
is binding too tightly, transcription may be inhibited.
This appears to be the case for Z1:R57C mutant. Based
on the available data, we propose that this mutant
inhibits transcription, not through loss of DNA binding,
but by binding too tightly and not allowing the required
RNA synthesis to occur.
By contrast, the Z3 mutants do not show the same
effect. The Z3:S55L mutant does not show a decrease
in the interaction energy with DNA. In relation to the
morphology of the fruit fly, mutations in this protein
would not be expected to alter the 2Bc genetic function.
However, our results only consider the DNA binding
interactions and not the structure of the entire protein.
The entire Z3 protein is over 700 amino acids in length,
but our DNA binding analysis only considers the region
from amino acid 583 to 640 (based on Z3 numbering).
With our calculations showing no change in the DNA
interaction energy, but a change in morphology of the
fruit fly, it appears that this particular mutant is most
likely affected by an abnormally folded 3D structure that
inhibits transcription from occurring. This mutation
would therefore be classified as one causing misfolding
of the Z3 protein, or loss of binding affinity for other
proteins involved in the formation of the transcriptional
complex.
In the case of Z3:T55M, the mutation appears to
increase DNA binding, but not as significantly as
Z1:R57C. Additionally, the effect of the mutation does
not appear to alter the locations of neighboring side
chains. In this case, the mutation may have a loss of
function due to both causes mentioned above: increase
in DNA affinity and a change in the overall protein fold.
It is also important to reiterate that the Z3 model’s
overall interaction energy was altered by 27% relative to
the 2DRP template structure. This value represents the
level of uncertainty in the model and these conclusions
are not going to be as reliable as those found for the Z1
model/template combination.
The Z2/Z4 proteins served two purposes in this study.
First of all, the sequences verified that modeling
approaches are reliable based on the fact that both
models were built independently, but still converged to
energy levels that were very similar. Secondly, the two
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proteins demonstrated a significant energy loss (~50%)
relative to the template used. This loss of energy, with
all other factors being equal, showed that there is
significant error associated with this model/template
combination and a more suitable template structure is
required. The overall interaction energy of -428 kJ/mol
was the lowest observed during this study and brings
into question the level of error in models with such
low homology. Our study demonstrates that these
values can be used as a type of “internal standard” for
modeling that allows the reliability of the model to be
more accurately assessed.
Finally, this study demonstrates that computational
methods, combined with structural and functional
analysis, can be used to determine the effect of
mutations at the molecular level. These computational
tools, when applied to available biological databases,
would allow the classification of all mutations that
occur in model organisms and well as humans. Such
information would be extremely valuable in the
effective diagnosis and treatment of disease.
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